Abstract Radiotherapy resistance is one of the major factors limiting the efficacy of radiotherapy in lung cancer patients. The extensive investigations indicate the diversity in the mechanisms underlying radioresistance. Here, we revealed that DNA damage binding protein 2 (DDB2) is a potential regulator in the radiosensitivity of non-small cell lung cancer (NSCLC) cells. DDB2, originally identified as a DNA damage recognition factor in the nucleotide excision repair, promotes the survival and inhibits the apoptosis of NSCLC cell lines upon ionizing radiation (IR). Mechanistic investigations demonstrated that DDB2 is able to facilitate IR-induced phosphorylation of Chk1, which plays a critical role in the cell cycle arrest and DNA repair in response to IR-induced DNA double-strand breaks (DSBs). Indeed, knockdown of DDB2 compromised the G2 arrest in the p53-proficient A549 cell line and reduced the efficiency of homologous recombination (HR) repair. Taken together, our data indicate that the expression of DDB2 in NSCLC could be used as a biomarker to predict radiosensitivity of the patients. Targeting Chk1 can be used to increase the efficacy of radiotherapy in patients of NSCLC possessing high levels of DDB2.
Introduction
Lung cancer is the leading cause of cancer death in the USA. It is estimated that there will be 224,390 new lung and bronchus cancer cases and 158,080 lung cancer deaths in 2016 [1] . About 85 to 90 % of lung cancers are non-small cell lung cancer (NSCLC), and radiotherapy plays a critical role in the management of inoperable NSCLC patients, particular those at advanced stages [2, 3] . However, radioresistance has been a major factor limiting the efficacy of radiotherapy. The mechanisms underlying cancer radioresistance have been This work was supported by National Institute of Health (CA151248 to Q.E.W.).
extensively investigated, yet still remain unclear, probably due to multiple factors involved and tumor heterogeneity [4] .
Ionizing radiation (IR) kills cancer cells mainly through the induction of DNA damage [5, 6] . Thus, enhanced DNA damage responses and DNA repair capacity in cancer cells have been considered the major contributors to chemoresistance for a long time. Upon DNA damage, the activation of a series of kinases is triggered, which include the phosphoinositide-3-kinase-related protein kinase (PIKK) family members ATM, ATR, and DNA-PKcs. While ATR activation is associated with single-stranded DNA and stalled DNA replication forks, ATM and DNA-PKcs respond mainly to DNA doublestrand breaks (DSBs) [7] . ATM-Chk2 and ATR-Chk1 regulate the checkpoint pathways in the mammalian cells, resulting in cell cycle arrest, which is thought to increase the time available for DNA repair before replication or mitosis ensues. For the repair of DSBs, two principal mechanisms are used: non-homologous endjoining (NHEJ) [8] and homologous recombination (HR) [9] . NHEJ is active throughout the cell cycle. In contrast, HR-directed DSB repair is confined to the late S and G2 phases of proliferating cells when sister chromatids are available as repair templates. Thus, inhibition of DNA damage response and DNA repair capacity in cancer cells have been extensively exploited for overcoming radioresistance [10] .
DNA damage binding protein 2 (DDB2) was originally identified as a damage sensor, which recognizes ultraviolet (UV) light-induced cyclobutane pyrimidine dimers (CPD) in the context of chromatin, and facilitates the nucleotide excision repair (NER) pathway [11] . Recently, new functions of DDB2 beyond its role in DNA repair have also been identified, e.g., enhancing cellular apoptosis through downregulation of Bcl-2 [12, 13] , and p21 [14] , suppressing colon tumor metastasis through blocking epithelial-mesenchymal transition (EMT) [15] , and limiting the motility and invasiveness of invasive human breast tumor cells by regulating NF-κB activity [16] , as well as mediating premature senescence [17] . DDB2 is also considered a tumor suppressor based on the finding that DDB2 −/− mice were not only susceptible to UV-induced carcinogenesis but also developed spontaneous malignant tumors at a high rate [18, 19] . DDB2 is also found to be induced in the radioresistant NSCLC A549 cell line upon IR, suggesting that DDB2 might play a role in the cellular response to IR-induced DNA damage [20] . Here, we determined the role of DDB2 in the radioresistance of NSCLC cell lines A549 and H1299 and found that enhanced DDB2 expression promoted, while knockdown of DDB2 expression inhibited the radioresistance in these cells. Furthermore, we demonstrated that DDB2-facilitated, IR-induced phosphorylation of Chk1, and the subsequent cell cycle arrest and enhanced HR could be one of the contributors to the radioresistance in NSCLC cells.
Materials and methods
Cell culture and treatment NSCLC cell lines A549 and H1299 were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). HeLa-DR13-9 cells, stably transfected with the pDR-GFP plasmid, were kindly provided by Dr. Jeff Parvin (The Ohio State University). A549 and H1299 cell lines were cultured in RPM I 1640 medium, while HeLa-DR-13-9 cells were cultured in DMEM, supplemented with 10 % of fetal bovine serum (FBS) and 50 U/ml each of penicillin and streptomycin, and maintained in a humidified atmosphere with 5 % CO 2 at 37°C. For IR treatment, X-ray was delivered to cultured cells in a RS-2000 X-ray Biological Irradiator (Rad Source Technologies, Inc., Suwanee, GA, USA).
Plasmids, siRNA, shRNA, and establishment of stable transfected cell lines SMARTpools siRNA designed to target human DDB2 (M-011022-01), a scramble non-targeting control siRNA (5′-UUC UCC GAA CGU GUC ACG U − 3′), and TRIPZinducible shDDB2 plasmids (pTRIPZ-shDDB2) were purchased from GE Dharmacon (Lafayette, CO, USA). The pcDNA3.1-DDB2 vector has been described in our previous publication [21] . To construct the pTRE3G-DDB2 vector, DDB2 cDNA was amplified using pcDNA3.1-DDB2 expression construct as a template and subcloned into pTRE3G-BIZsGreen1 (Clontech, Mount View, CA, USA) to generate pTRE3G-DDB2. The I-SceI endonuclease expression vector pCBASce was kindly provided by Dr. Jeff Parvin.
To establish a cell line stably expressing the Tet-inducible shDDB2 plasmid, A549 cells were transfected with pTRIPZshDDB2 plasmids using Lipofectamine (Life Technologies, Grand Island, NY, USA), selected by Puromycin and screened for the induction of DDB2 knockdown with Doxycycline (Dox) treatment (A549-pTRIPZ-shDDB2). To establish a cell line stably expressing the Tet-inducible DDB2 overexpression plasmid, H1299 cells were first transfected with the regulator vector pCMV-Tet3G (Clontech). The stable transfected cell line H1299-Tet-On 3G was selected by G418 and screened for inducibility according to the manufacturer's instruction. Then, H1299-Tet-On 3G cell line was further transfected with the pTRE3G-DDB2 vector and a liner Puromycin Marker (Clontech), the stably transfected cells were selected using puromycin, and validated for the Dox-induced DDB2 expression (H1299-pTRE3G-DDB2).
Clonogenic formation assay
Cells were seeded in 60-mm culture dishes, treated with IR at various doses, and further cultured for 14 days. The cells were fixed with ethanol, stained with methylene blue, and colonies of >50 cells were counted. The surviving fraction was calculated relative to the untreated cells.
Western blotting
Whole cell lysates were prepared by boiling cell pellets in the SDS lysis buffer [2 % SDS, 10 % glycerol, 62 mM Tris-HCl, pH 6.8, and a complete mini-protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN)]. After protein quantification with Bio-Rad Dc Protein Assay (Bio-Rad Laboratories, Hercules, CA), equal amount of proteins were loaded, separated on a polyacrylamide gel, and transferred to a n i t r o c e l l u l o s e m e m b r a n e . P r o t e i n b a n d s w e r e immunodetected with appropriate antibodies, e.g., 
Cell cycle analysis
Cells were trypsinized, washed with PBS, and resuspended in 0.5 ml of PBS to make a single-cell suspension. Cells were then fixed by drop-wise addition of 5 ml of ice-cold 70 % ethanol into the cell suspension. For propidium iodide (PI) staining, the ethanol-suspended cells were centrifuged, washed with PBS and resuspended in 0.5 ml of PI-Triton X-100 staining solution containing RNase A (0.1 % Triton X-100 in PBS, 0.2 mg/ml DNase-free RNase A, 20 μg/ml PI), and incubated at 37°C for 15 min. DNA content analysis was carried out in a BD FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). Cell cycle analysis was performed using the FCS Express Software (De Novo Software, Glendale, CA, USA).
HR reporter assay
The effect of DDB2 on the HR activity was determined using HeLa-DR13-9 cells [22] . Briefly, HeLa-DR13-9 cells, containing the HR reporter DR-GFP, were first transfected with control or DDB2 siRNA for 2 days. Cells were then contransfected with siCtrl or siDDB2 and I-SceI expression vector (pCBASce). Cells were harvested after 3 days, and the GFP-positive cells were analyzed using flow cytometry.
Statistical analyses
Results are presented as the mean ± SD for at least three independent experiments for each group. Statistic differences were determined by using two sample t tests for independent samples. P values less than 0.05 were defined as statistically significant.
Results

DDB2 protects NSCLC cells from IR-induced cell killing
Our previous studies have revealed the role of DDB2 in mediating the sensitivity of ovarian cancer cells to cisplatin [12, 13] . As a DNA damage binding protein, DDB2 is involved in the repair of UV-induced CPD by the NER pathway, but is not required for the repair of cisplatininduced intrastrand crosslinks. Instead, DDB2 promotes cisplatin-induced apoptosis in ovarian cancer cell lines through downregulation of anti-apoptotic protein Bcl-2 [12, 13] and cell cycle regulator p21 [14] . In order to understand whether DDB2 plays a role in regulating the sensitivity of cancer cells to radiotherapy, we knocked down DDB2 in the A549 NSCLC cell line and determined the cell survival upon IR. As shown in Fig. 1 , DDB2 siRNA efficiently downregulated the expression of DDB2 in A549 cells (Fig. 1a) , and downregulation of DDB2 sensitized A549 cells to IR, reflected by reduced clonogenic formation in these cells upon IR treatment at 2 and 4 Gy (Fig. 1b) . To confirm this finding, we generated a Tet-inducible DDB2 overexpression cell line by using H1299 cells (H1299-pTRE3G-DDB2), in which DDB2 expression can be increased by treating cells with Dox (Fig. 1c) . In contrast to DDB2 knockdown, DDB2 overexpression reduced the sensitivity of H1299 cells to IR treatment (Fig. 1d) . Collectively, these data indicate that DDB2 plays a protective role in NSCLC cells in response to IR, suggesting that high expression of DDB2 in NSCLC cells might increase these cells' resistance to radiotherapy.
We have shown in our previous study that DDB2 facilitates cisplatin-induced apoptosis [12, 13] . Given our finding that DDB2 inhibits IR-induced cell killing, we wanted to know whether DDB2 is involved in IRinduced apoptosis in NSCLC cells. We first transiently transfected DDB2-expressing constructs into H1299 cell and analyzed cellular apoptosis upon IR. As shown in Fig. 2a , IR treatment could induce apoptosis in H1299 cells at a dose as low as 2 Gy, reflected by the detection of cleaved PARP and cleaved caspase 3. However, when DDB2 was overexpressed in these cells, the lowest dose of IR to induce apoptosis was 4 Gy, indicating that DDB2 is able to protect H1299 cells from IR-induced apoptosis. In addition, we confirmed this finding in H1299 cells containing Tet-inducible DDB2 (Fig. 2b) . It is very clear that Dox-induced DDB2 expression dramatically reduced the amount of cleaved-PARP and cleaved-caspase 3 in cells treated with IR at 8 and 16 Gy. In addition, we knocked down DDB2 expression in A549 cells and found that downregulation of DDB2 promoted IR-induced cellular apoptosis, as reflected by increased cleaved PARP and cleaved caspase 3 (Fig. 2c) . Taken together, our data indicate that DDB2 is able to protect NSCLC cells from IR-induced apoptosis, resulting in an inefficient killing of cancer cells and subsequent radiotherapy.
DDB2 promotes DNA damage responses upon IR
Prompt activation of DNA damage response and enhanced DNA repair capacity can promote cells to survive DNAdamaging agents. DDB2 has been suggested to be involved in a general cellular response to DNA damage [23] . Therefore, to understand the mechanism by which DDB2 facilitates cell survival upon IR, we determined the effect of DDB2 expression level on the activation of various DNA damage response proteins. As shown in Fig. 3a , transient transfection of DDB2 into H1299 cells enhanced the IR-induced phosphorylation of Chk1, but not ATM, ATR, and Chk2. We then downregulated the expression of DDB2 in A549 cells through transient transfection of DDB2 siRNA and found a reduced phosphorylation of Chk1 after IR treatment (Fig. 3b) . Cells were irradiated with X-ray at various doses and further cultured for 48 h. Whole cell lysates were prepared and subjected to immunoblotting to detect cleaved PARP (c-PARP) and cleaved caspase-3 (c-Casp3) to reflect cellular apoptosis. Lamin B was also detected to serve as a loading control. c DDB2 was downregulated in A549 cells by transfecting with DDB2 siRNA. Cells were treated with Xray, and cellular apoptosis was detected as in a and b DDB2 shRNA (Fig. 3c) . Taken together, these data indicate that DDB2 is able to promote DNA damage checkpoint signaling by facilitating phosphorylation of Chk1 upon IR. Given that Chk1 phosphorylation plays an important role in the regulation of G2 arrest in response to DNA damage, we sought to understand whether the DDB2 expression level has influence on G2 arrest upon IR. A549 cells were transfected with the DDB2 siRNA to downregulate DDB2 expression or transfected with a control siRNA. Cells were IR treated and further cultured for up to 24 h, and the cell cycle phase distribution was detected at different time points. As shown in Fig. 4a , b, IR treatment induced G2 arrest in siCtrl-transfected A549 cells, and the G2 arrest was kept for up to 24 h. However, IR-induced G2 arrest was significantly compromised in siDDB2-transfected A549 cells, particularly at 16 and 24 h post-IR. Given that ATM-Chk2 signaling initiates cellular G2 arrest, and the maintenance of this arrest is performed by ATR-Chk1 signaling, in response to IR-induced DSBs [24, 25] , the reduced G2 arrest in DDB2 knockdown cells upon IR can be attributed to the decrease in Chk1 activation.
We then overexpressed DDB2 in H1299 cells, and analyzed the cell cycle phase distribution in these cells upon IR. Similar to A549 cells, we also found IR-induced G2 arrest in both empty vector and DDB2 cDNA transfected H1299 cells after 6 h post-IR. However, we failed to see the effect of DDB2 overexpression on this IR-induced G2 arrest (Fig. 4c,  d ). Given that H1299 cells do not express p53 protein due to homozygous partial deletion of the TP53 gene, and p53 is not required for the initial arrest of cells in G2 but is essential for the long-term maintenance of the arrest [26] , it is possible that DDB2 knockdown-induced inhibition of G2 arrest in response to IR requires functional p53.
DDB2 enhances homologous recombination repair upon IR treatment
Although DDB2 does not affect IR-induced G2 arrest in H1299 cells, it does increase the resistance of H1299 cells to IR-induced cell killing and apoptosis ( Figs. 1 and 2) . Thus, additional mechanisms underlying DDB2-mediated radioresistance in NSCLC cells might exist. To investigate whether DDB2 is involved in the repair of IR-induced DNA DSBs, we either knocked down or overexpressed DDB2 in A549 or H1299 cells, respectively, and detected the kinetics of γH2AX amounts, a marker for DSBs, with the time of post-IR. As shown in Fig. 5a , the amount of γH2AX reduced dramatically at 6 h post-IR in A549 cells transfected with control siRNA, while still remained at a high level at the same time point post-IR in A549 cells transfected with DDB2 siRNA, indicating that downregulation of DDB2 halted the repair of IR-induced DSBs. Conversely, a considerable amount of γH2AX can be detected in H1299 cells, which exhibit low levels of DDB2, at both 6 and 24 h post-IR. Overexpression of DDB2 in these cells promoted the decrease in the amount of γH2AX (Fig. 5b) , further confirming that DDB2 facilitates the repair of DSBs following IR. Whole cell lysates were prepared and subjected to immunoblotting to detect various checkpoint proteins. b, c DDB2 was downregulated in A549 cells by transfecting with DDB2-specific siRNA (b) or in A549-pTRIPZ-shDDB2 cells by treating with Dox (c). Cells were treated with IR and further cultured for various time periods. Whole cell lysates were prepared and subjected to immunoblotting to detect phosphorylated Chk1. Lamin B was also detected as a loading control HR is one of the major DSB repair pathways. We thus determined whether DDB2 affects the efficiency of HR by using a HR reporter assay. HeLa cells containing integrated DR-GFP reporter constructs were transfected with either control or DDB2 siRNA, along with I-SceI to induce DSBs. The GFP+ cells, representing HR-repaired cells, were analyzed using FACS. As shown in Fig. 5c, d , knockdown of DDB2 in these cells significantly reduced the HR efficiency, reflected by about 30 % decrease in GFP+ cells in cells with DDB2 downregulation. These data indicate that DDB2 is able to promote the repair of DSBs through the HR pathway.
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Discussion
In this study, we reported for the first time that DDB2 plays a role in the activation of Chk1 upon IR and facilitates HR repair, thus, increases radioresistance of NSCLC cells.
Upon DNA damage, ATM and ATR, two of DNA damage sensors, can be activated by phosphorylation, and further phosphorylate Chk2 and Chk1, respectively, to transduce the signal for cell cycle checkpoint and DNA repair [23] . The ATM-Chk2 pathway is primarily activated in response to DSBs, while the ATR-Chk1 pathway is mainly activated by UV light and DNA replication stress. In addition, the ATRChk1 pathway can also be activated upon IR-induced DSBs [27, 28] , through the generation of structures containing single-stranded DNA (ssDNA) adjacent to dsDNA, and the coating of replication protein A (RPA) [29] . In our studies, we have demonstrated that both ATM-Chk2 and ATR-Chk1 pathways are activated in response to IR in NSCLC cell lines. Interestingly, among these four proteins, only IR-induced phosphorylation of Chk1 can be regulated by the DDB2 expression level, indicating that DDB2 might affect the formation of ssDNA-RPA platform for ATR recruitment. It has been reported that many proteins are involved in this process, including Rad17, TopBP1, the 9-1-1 complex, BRCA1, Claspin, and CBP/p300 [29, 30] . Interestingly, DDB2 has been shown to be associated with Claspin [31] and CBP/ p300 [32] . Thus, it is very likely that DDB2 promotes IRinduced Chk1 phosphorylation by bringing Claspin and p300 to the damage sites for facilitating platform formation and ATR activity stimulation. However, we could not exclude the possibility that DDB2 may enhance IR-induced Chk1 phosphorylation by inhibiting Chk1 dephosphorylation. Another novel finding in this study is that DDB2 promotes HR in response of IR-induced DSBs. Although DDB2 has been shown to bind to a broad spectrum of different lesions, such as apurinic/apyrimidinic sites and interstrand crosslinks [33] [34] [35] , and play an important role in NER [36] , its role in other DNA repair pathways has not yet been investigated. DDB2 expression can be induced by IR in a p53-dependent manner [37] . Given that DDB2 is able to bind to abasic sites [35] , induction of DDB2 by IR indicates that DDB2 might be involved in the repair of IR-induced oxidative DNA damage [38] . In addition, given that Chk1 positively regulates mammalian HR repair through interaction with and phosphorylation of RAD51 [39] , DDB2 could enhance HR through promotion of Chk1 activity, as we revealed in this study. DDB2 has been shown to facilitate apoptosis in response to UV and cisplatin. [12] [13] [14] . However, we found that DDB2 inhibits IR-induced apoptosis in NSCLC cells in this study. It is well known that upon DNA damage, the DNA repair machinery starts to remove DNA lesions. The unrepaired DNA lesions trigger cellular apoptosis to eliminate heavily damaged or seriously deregulated cells [23] . Given that DDB2 plays a role in both DNA repair and apoptosis, if the contribution of DDB2 to DNA repair is less than that to apoptosis, cells will exhibit increased apoptosis in the presence of DDB2. In contrast, if the contribution of DDB2 to DNA repair is more than that to apoptosis, cells will exhibit decreased apoptosis in the presence of DDB2 because DNA damage is efficiently repaired. We believe that DDB2 facilitates the HR pathway to repair IR-induced DSBs in NSCLC cells, thus reduces the amount of triggers of apoptosis, and results in a decreased apoptosis in these cells when DDB2 expression is enhanced.
Chk1 has been shown to contribute to therapy resistance in many cancers. Thus, targeting Chk1 has been exploited for cancer therapy, particularly for improving the efficacy of radiotherapy and chemotherapies that induce DNA damage [29] . Given our finding that DDB2 facilitate the activation of Chk1 upon IR, targeting Chk1 could be an efficient strategy to overcome radioresistance in DDB2 highly expressing NSCLC.
